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Abstract 
This paper describes the design, construction and initial experimental performance testing of a novel integrated solar 
thermal system prototype for the provision of space cooling and dehumidification, space heating and domestic water 
heating. The integrated system aims to replace and duplicate the performance of conventional vapour compression air 
conditioning and domestic water heaters, and is designed to operate effectively in hot and humid environments, using 
a liquid desiccant dehumidifier and indirect /direct evaporative cooling components. The liquid desiccant is 
regenerated using a custom designed heat exchanger that is driven by a solar generated hot water, which is also used 
to meet domestic hot water and space heating demands. Initial regenerator and cooling results are shown, the latter of 
which are compared with TRNSYS based simulations.  
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1. Introduction 
The energy demand for air conditioning of residential buildings has been escalating in many developed 
and developing countries in the last two decades. In Australia, space heating and cooling represents 41% 
of the energy demand of dwellings, while domestic water heating corresponds to about 30% of the total 
consumption. In addition, residential buildings currently make up approximately 20% of Australia’s 
greenhouse gas emissions, with 30-40% of this figure being directly attributed to heating and cooling [1, 
2]. As the number of dwellings and their floor areas continue to increase, the demand on electricity 
infrastructure will increase. In particular, this is anticipated to further exacerbate the peak summer 
electrical demand, which is already largely caused by residential buildings [3, 4, 5]. 
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Nomenclature 
U overall heat transfer coefficient 
m air mass flow rate (kg/s) 
hm mass transfer coefficient 
hv convective heat transfer coefficient 
dx  elemental length between two successive nodes in the x coordinate axis 
dy  elemental length between two successive nodes in the y coordinate axis 
P air pressure 
T air temperature 
Cpav average specific heat capacity of air 
Aeff effective wet area 
ke ratio of effective evaporation area to the actual wall area in the mist evaporative channel 
 
Greek Symbols  
ω  specific humidity of air (kg/kg dry air) 
 
Subscripts 
atm atmospheric air 
s supply (or primary) air 
r secondary air 
sat air-solution or air-water film saturation value 
w wet bulb 
1.1. Solar Thermal Applications in Australian Dwellings 
Solar water heating is a well-established technology. The number of solar water heating systems has 
doubled in Australia between 2005 and 2008 [1], and now provides hot water for 8% of Australian homes 
[6]. A steady increase of market penetration of this technology is expected due to improved public 
environmental awareness, escalating energy tariffs and government financial inducements. In contrast, 
solar space heating systems, have not gained market acceptance due to the short duration of the heating 
season in most Australian cities. On the other hand solar cooling/dehumidification is still a novel 
technology with very few applications in Australia with most focussing on installing solar absorption 
systems in medium/large buildings. Presently in Australia, eight solar air conditioning systems have been 
installed, with three more planned [7]. Of the existing systems, only one system provides air conditioning 
and hot water services for commercial purposes; this is achieved using flat plate solar collectors and a 
desiccant evaporative cooler [7]. Two of the three planned systems provide air conditioning and hot 
water, however, both use parabolic trough collectors, and only one of these systems is to use a desiccant 
2592   D.M. Whaley et al. /  Energy Procedia  57 ( 2014 )  2590 – 2599 
evaporative cooler. In view of relatively high cost, operation and maintenance requirements, the number 
of world wide applications of solar absorption/adsorption systems in detached homes is still limited. 
1.2. Air Conditioning Trends in Australian Homes 
The proportion of households with air conditioning (AC) in Australian homes, (usually vapour 
compression or evaporative) increased from 59% in 2005 to 73% in 2011 [6]. With low initial costs and 
the absence of more viable solar systems, reverse-cycle vapour compression systems are dominating the 
air conditioning markets, particularly in new housing. This has subsequently resulted in a dramatic 
increase in energy use, cost and summer peak power demand with associated electricity generation and 
distribution requirements struggling to keep pace with the peak demand. Monitoring results in an 
Adelaide housing development has shown that on a hot summer day, up to 90% of the summer peak 
demand is due to domestic AC [8]. In order to reduce the peak power demand, total energy use and 
associated greenhouse gas emissions, viable alternatives need to be sought. The use of evaporative 
cooling technology is a good potential option; however the use of this option to provide thermal comfort 
is limited to regions of low humidity levels. Thermally driven cooling systems utilising solar energy is a 
promising option. The seasonal match between solar radiation availability and the building cooling load 
requirements lend further support to this argument. 
1.3. Integrated System Approach 
Previous studies have revealed that despite the all year round demand for hot water, in order to reach 
an acceptable winter solar fraction, the necessary collector area is too large to satisfy summer hot water 
requirements. An integrated system which provides space heating, hot water, dehumidification and 
cooling is a logical approach to maximise the system overall effectiveness and at the same time minimise 
the system cost and reduce the reliance on electricity for domestic energy supply.  
2. Overview of the Integrated System 
The system presented is designed to provide water and space heating, cooling and dehumidification for 
domestic purposes, using flat plate collectors and a liquid desiccant. Fig. 1 shows a schematic of the 
airflow path of the novel integrated solar thermal system prototype, which consists of several 
components, including two customised heat/mass exchangers which make up the main components of the 
system. One exchanger is used for indirect cooling and dehumidification, known as the absorber, and the 
other for heating and moisture removal, known as the regenerator. The system also comprises two 
desiccant storage tanks, as liquid desiccant is used, a standard evaporative cooling pad, a solar hot water  
 
Fig. 1. Airflow path of the prototype, showing the house, two customised heat exchangers, two fans, direct evaporative (DE) pad.  
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system, two continuous gas burners, as well as ducts, dampers, pumps and fans. A more in-depth 
system overview can be found in [9]. 
2.1. System Components 
2.1.1. Solar Heating System 
A customised solar hot water system is used to heat the water needed for domestic use and to provide 
the bulk of the heat required for the regeneration and space heating processes. As such, a solar hot water 
system with a large storage tank (500L) is selected, which is accompanied by five flat plate solar 
collectors having a total collector area of 10 m2. The storage tank is vented to the atmosphere and 
contains two internal heat exchanger coils. The tank water is circulated through the regenerator heat 
exchanger, via a continuous gas burner, which serves as a stand by for the regeneration or heating 
processes.  
One of the storage tank coils is used to circulate water through the solar collectors, whilst the other is 
supplied by the mains water and is connected to the dwelling domestic hot water supply. The latter is 
connected to a second continuous gas burner and a solar approved thermostatic mixing valve, as required 
for domestic hot water applications.  
2.1.2. Dehumidification/Cooling System 
The cooling system consists of the absorber, a heat/mass exchanger where the air is simultaneously 
dehumidified by the concentrated desiccant solution and indirectly cooled, and a direct evaporative (DE) 
cooler. The liquid desiccant used in the prototype is Lithium Chloride solution. The cooling is achieved 
indirect evaporative cooling by spraying a mist of water across one of the heat exchanger pathways. The 
dehumidification is achieved by mixing the outside air with a concentrated liquid desiccant in the other 
heat exchanger pathways. The exchanger was designed to avoid having any liquid desiccant solution 
droplets and consequently to avoid carryover of the desiccant solution. Fig. 2 is a schematic of the cooling 
system and shows the fluid (air, water and desiccant) paths, along with the corresponding psychometric 
processes lines for the combined indirect cooling, dehumidification and direct evaporative cooling modes. 
The primary (1-2-3) and secondary (1-2’) air processes of Fig. 2 (b) show that the cooling system 
expands the use of direct evaporative cooling into humid and hot regions, by lowering the wet bulb 
temperature of the incoming (outside) air. The cooling effect in the absorber is achieved by cooling the 
return air using low-pressure mist evaporation. This cooling effect also increases the moisture absorbing 
capacity of the desiccant solution by lowering the solution temperature.  
 
 
Fig. 2. Cooling system overview, showing (a) schematic and fluid path, and (b) psychometric process, for the indirect, direct cooling 
and dehumidification modes. 
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2.1.3. Regenerator / Air Heater 
The regenerator / air heater is essentially a compact indirect water-to-air heat exchanger that is used to 
heat the recirculated air in the winter months, and to regenerate the weak liquid desiccant solution, when 
required for dehumidification in the summer months. Fig. 3 summarises the regenerator fluid paths and 
the psychometric processes for both heating (process line 1-2) and regeneration (process line 1’-2’) 
operation. The regeneration process occurs when the lower concentrated desiccant passes through the 
airside of the heat exchanger, and comes into contact with the heated planes, which release moisture into 
the air. This process uses outside air and expels the exhaust air to the atmosphere. Note that the design 
ensures avoidance of desiccant solution carryover.  
2.2. Controller  
The prototype is controlled by software which is based on a feedback loop system that continuously 
samples and records the outdoor and indoor air temperatures and relative humidities. These sensors are 
connected to a high-speed PCI hardware controller (PCI-1710U), which is equipped with multiple 
analogue to digital input, digital to analogue output, digital output channels, and timers / counters. The 
software calculates the humidity ratio of the air, based on approximations developed in [10], and uses this 
to determine the control mode and subsequently which of the prototype’s pumps, fans and dampers 
should be activated. These are energised by an electronics interface that interconnects the PCI controller 
and a various relays, which are supplied by the mains or low voltage switched-mode power supplies.   
2.3. Pumps and Fans 
The prototype uses a variety of pumps and fans, including several single-phase and three-phase mains 
voltage induction machines, and low voltage DC motors. Although these machines operate at various 
speeds, and hence require unique input frequency and voltage supplies, they each operate from the mains 
supply. This is achieved using a variety of power electronics drive units, which adjust the input voltage 
and or frequency for their corresponding motor.  
2.4. Modes of Operation 
Once activated, the system automatically operates in one of six modes, these include space heating, one of 
four space cooling modes, and the desiccant regeneration mode. The operating mode is determined by the 
software, based on the sampled outdoor air and relative humidity, and the season (date). Similarly, the 
dampers corresponding to the house zones, i.e. living or bedrooms, are controlled automatically by the 
system controller, based on the time of the day. Although the user is unable to customise the mode of 
operation, this aspect of the controller is deliberate to enable the system to provide the most energy 
efficient dehumidification / cooling mode and to respond to the weather conditions. 
 
Figure 3. Regenerator, showing (a) schematic and fluid path, and (b) psychometric processes, for heating and regeneration modes. 
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Note that to simplify the control system, the software controls only the on / off action of each electrical 
machine. As such, each motor operates at a predetermined fixed speed, which is setup during the 
construction / commissioning stage. 
2.4.1. Cooling Modes 
When activated during the summer months, the system will operate in one of four cooling modes, i.e. 
i) free outside air cooling, ii) direct evaporative cooling, iii) direct and indirect cooling, and iv) direct and 
indirect cooling and dehumidification. The dehumidifier is used in conjunction with the indirect and 
direct evaporative cooling as this increases the system’s ability to cool the air, by reducing both the dry 
and wet bulb supply air temperatures. Despite the overall improvement in cooling, this control mode is 
limited by the amount of concentrated liquid desiccant available at the time of operation.  
2.4.2. Regenerator Modes 
The regenerator is used in summer to increase the concentration of the lithium chloride solution. The 
system will operate in this mode automatically when adequate hot water is available (e.g. during periods 
of high solar gain), to maximise the amount of concentrated desiccant in preparation for dehumidification 
mode. The regenerator’s capability is affected by the initial concentration and the temperature of the 
desiccant solution. Note that the desiccant may crystallise if a significant amount of moisture is removed 
from it. As such, the controller must optimise the solution temperature and flow rate, by adjusting the 
thermostat.  
The regenerator is also used during the winter months to facilitate space heating. Whilst heating, the 
controller configures the adjustable thermostat of the series connected continuous gas burner, to 75°C. 
This water temperature allows the heated air to enter the duct work at approximately 60°C. 
2.5. Mathematical  Model  
The system is modelled in TRNSYS, using various standard and customised components and types. 
The absorber and regenerator models are both new TRNSYS types that have been developed in-house. 
This section describes an overview of the mathematical absorber model, whilst the regenerator model is 
discussed in [11].  
 
Referring to Fig. 2, the humidity and temperature of the absorber outlet primary and secondary air 
streams are calculated using the fourth-order Runge Kutta method [12], using the following assumptions:   
x A steady state, one dimensional heat transfer across the plate, 
x Inlet water temperature assumed equal to the wet bulb temperature of the secondary inlet air, 
x The variation of the thermal properties of air with temperature is not considered as it is small in the 
temperature range of operation, 
x Lewis number equals one for air,  
x The solution concentration remains constant (as the solution concentration is reduced by only a small 
amount, which does not significantly affect the vapor pressure, 
x Mist evaporation is replaced by evaporation from a wet surface. A constant term is introduced to adjust 
this effect as mist evaporation increases the effective wet area (Aeff), for mass transfer, i.e. 
 ke = Aeff / plate surface area. 
 
2.5.1. Heat and Mass Transfer to the Primary Air 
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The actual dehumidification process is non-adiabatic (as it is internally cooled). However, for each 
discrete element, the process is split in to adiabatic dehumidification followed by sensible heat transfer 
between the secondary and primary air streams.  
2.5.1.1. Adiabatic dehumidification 
 ssatssmss dxhdy
dwm ZZ  
  (1) 
 ssatatmsatssat PPP  *622.0Z   (2) 
where the saturation vapor pressure, Pssat, is a function of the concentration and temperature of the 
desiccant solution, which can be obtained from experiment or data sheet of the desiccant solution 
[13].Once the humidity of the air is found, the intermediate adiabatic saturation temperature of the air, Ts’, 
(keeping the solution temperature constant), can be predicted from the psychometric equations [10], i.e. 
),,(' PTfT wss Z   (3) 
where Tw is the wet bulb temperature of the inlet air to the control volume (assuming a Lewis number 
of 1, i.e. a typical air-water vapour mixture, where the enthalpy line is close to the constant wet bulb line). 
2.5.1.2.  Sensible heat transfer between secondary and primary air streams 
The sensible heat transfer from the primary air and secondary air can be expressed as 
 rsspavs TTUdxdx
dTCm  
  (4) 
where 'sss TTdT    (5) 
2.5.2. Heat and Mass Transfer to the Secondary Air Stream 
The secondary air stream is humidified non-adiabatically with misting as there is also heat transfer 
across the boundary with the primary air. The governing equation for heat and mass transfers are shown 
in (6) and (7), respectively. Note that ωrsat is the humidity ratio of the saturated air at the water 
temperature. 
   rswrvrerpavr TTUdyTTdyhkdx
dTCm  
 (6)  
 rsatrrmer dyhkdx
dwm ZZ  
  (7) 
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Equations 6 and 7 are independent linear ordinary differential equations. The fourth order Runge Kutta 
method [12] is used to numerically solve the equations, as the equations are initial boundary problems.   
3. Experimental Results 
3.1. Experimental Test Arrangements 
The prototype was installed, commissioned and tested on a test bench inside an open shed, within the 
Mawson Lakes Campus of the University of South Australia. This arrangement provided shelter during 
the testing, whilst subjecting the prototype to atmospheric conditions. Although this climate zone 
typically experiences dry and hot weather conditions during summer, the prototype was exposed to some 
unseasonal humid days. These, along with the use of a commercial humidifier allowed the system to be 
operated in the dehumidification mode. Note that an electric storage tank was used to emulate the thermal 
mass that will be provided by the solar water heating system.  
The results discussed in this section were obtained for an air flow rate between 280 and 300L/s. Note 
that the direct evaporative cooler used a 200mm thick celdek pad, which provided a saturation efficiency 
of 88% to 90 %, and the peak indirect evaporative cooler effectiveness was determined to be 0.42 [9]. 
3.2. Absorber Moisture Absorption and System Cooling Performance 
The moisture absorbing capacity of the absorber depends on many factors, the most crucial include the 
concentration and temperature of the LiCl desiccant solution. Fig. 4 shows the equilibrium film air 
moisture for different solution concentrations and temperatures, and ultimately the moisture absorbing 
capacity of the system for internally cooled dehumidification; the plots are derived from equations 
discussed in [13]. If the outside air contains less moisture than the equilibrium moisture, the absorber 
undesirably acts as an evaporator. The internal indirect cooling of the absorber assists in maintaining 
lower film temperatures, which maximise the desiccant absorption capacity. The solution flow rate was 
also found to be a significant factor. 
Sample experimental results of the prototype performance operating in direct and indirect evaporative 
cooling along with dehumidification mode, are presented in Table 2, showing various measured ambient 
air and wet bulb temperatures (Ta, Tw), and specific humidity (ω). These test conditions represent typical 
Adelaide summer weather conditions, and despite the low specific humidity, the table shows that the 
integrated system performed well in both cases. The results are compared with the TRNSYS predictions. 
 
Fig. 4. Equilibrium moisture content for different LiCl solution temperatures and concentrations [13]. 
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Table 2. Indirect and direct evaporative cooling and dehumidification performance for typical Adelaide summer conditions. Note 
that the number within the square bracket represents the corresponding TRNSYS model predictions.  
 Outside Air   Primary Air Outlet  Supply Air  
Date Ta (oC) Tw (oC) ω (g/kg) Ta (oC) ω (g/kg) Ta (°C) 
11-01-13 31.8 19.7 9.1 28.6  [28.8] 7.4  [6.7] 18.4  [17.9] 
16-01-13 36.0 19.7 7.3 30.0  [29.8] 6.2  [5.9] 18.6  [17.7] 
 
The close correlation of the measured and predicted values give confidence in the absorber model. 
3.3. Regenerator Mode 
The regenerator was tested over four days, for a fixed desiccant inlet concentration of 31.5%.  The 
ambient air temperature varied between 32 and 39°C, whilst the specific humidity varied between 10.4 
and 12.5g/kg dry air. The measured outlet concentration is shown as a function of the average hot water 
inlet and outlet temperatures in Fig. 5, along with the model predictions represented by the red continuous 
line. The close correlation between the predicted and measured data gives confidence in the model. 
4. Future Work 
The prototype solar thermal air conditioner is currently being installed in a four-bedroom (168m2) 
house situated in the northern suburbs of Adelaide, in preparation for a 12 month monitoring program. 
During this period an overall system TRNSYS model will be refined to compare with the monitored data , 
which will allow components of the overall system, to be rigorously evaluated. Upon completion of the 
monitoring period, the system will be decommissioned and some components will be redesigned, based 
on the experience gained during the monitoring period. It is planned that the system will be subjected (and 
tested) to climate conditions experienced in tropical regions of Australia, which experience higher specific 
humidity levels, than those tested in this study. Finally, a more conventional controller, which allows the 
user to customise the mode of operation and zones, will be developed. 
5. Summary and Conclusions  
This paper has described the development of a novel integrated solar thermal air conditioner, which 
provides domestic water heating as well as space heating, cooling with dehumidification. The work 
 
Fig. 5. Regenerated desiccant concentration as a function of average hot water temperature, for a fixed inlet concentration.  
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described confirms the ability to build and operate a practical integrated solar driven system for the 
provision of hot water, heating, dehumidification and cooling for domestic applications in many regions 
that require both heating and cooling. The paper also includes some preliminary moisture absorption, 
dehumidification and cooling, and regeneration test results. The cooling results were compared with 
TRNSYS based absorber model simulations. The main conclusions from this paper are: 
x The system’s ability to absorb moisture from the outside air, and to regenerate the liquid desiccant 
solution, is limited by the desiccant solution temperature and the initial desiccant concentration, 
x The system is able to dehumidify and cool humid air using evaporative cooling technology in 
conjunction with a liquid desiccant, such that the system outlet air temperature is below that of the 
initial ambient wet bulb temperature 
x There is a good correlation between the TRNSYS based absorber and regenerator models, as shown by 
the close match between the predicted and experimental results, for both the indirect, direct 
evaporative and dehumidification cooling, and the regenerator modes. 
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